When crude preparations of adenovirus types 4 and 7 were treated with solutions of formamide, a complete or nearly complete inactivation of infectivity could be achieved without affecting the complement fixation titers of the same preparations. Studies on purified virions showed that the intersubunit bonds within the viral capsid were broken and single capsomers were released as the result of treatment by formamide. When subjected to the same treatment, hemagglutinins were sequentially converted into incomplete hemagglutinins (pentons), which were in turn converted into penton bases and fibers. (17) . In the present study, the effect of formamide solutions on the virions and the "soluble components" of adenovirus types 4 and 7 was studied. Formamide has been described as a mild denaturating agent for deoxyribonucleic acids (6, 14) and as capable of breaking catalase into subunits (27) . It may also eliminate secondary binding forces during the ion exchange chromatography of polynucleotides on diethylaminoethyl (DEAE) cellulose (32). This reagent, like other amides, is supposed to exert its effect on complex proteins by modifying the structure of the solvent (water); thus, the interactions between the solvent and the macromolecule are altered, resulting in structural changes in the latter (24, 30 
When crude preparations of adenovirus types 4 and 7 were treated with solutions of formamide, a complete or nearly complete inactivation of infectivity could be achieved without affecting the complement fixation titers of the same preparations. Studies on purified virions showed that the intersubunit bonds within the viral capsid were broken and single capsomers were released as the result of treatment by formamide. When subjected to the same treatment, hemagglutinins were sequentially converted into incomplete hemagglutinins (pentons), which were in turn converted into penton bases and fibers.
Viruses have generally been studied under conditions considered to be favorable to their survival; however, the study of their behavior in less favorable environments can be equally important in achieving an understanding of the nature and significance of the noncovalent bonds which determine how the protein subunits are organized to form a viral capsid. Profound differences have been found among viruses (viral capsids) in their stability towards solvents supposed to affect their structural integrity. For example, the exposure of poliovirus (2) and turnip yellow mosaic virus (TYMV; 9) to alkaline buffers leads predominantly to the release of ribonucleic acid from the virions and to the formation of empty protein capsids, whereas further degradation into subunits occurs with tobacco mosaic virus (TMV; 1) and adenoviruses (35) . Treatment with 8 M urea solutions results in degradation of the adenovirus capsid (H. S. Ginsberg, personal communication) and in denaturation of the TMV-protein (3), whereas the capsid of TYMV maintains its integrity under the same conditions (8) . A knowledge of the behavior of viruses (viral capsids) toward solutions expected to affect their structural integrity might lead not only to an understanding of how a virus particle is built from its components, but might also lead to methods for preparation of viral antigens free from any genetic material (nucleic acid) and thus perhaps to the development of vaccines from oncogenic viruses.
It has been reported that the adenovirus capsid can be broken by exposure to alkaline solutions (35) , heat (26) , detergents (31) , and p-chloromercuribenzoate (17) . In the present study, the effect of formamide solutions on the virions and the "soluble components" of adenovirus types 4 and 7 was studied. Formamide has been described as a mild denaturating agent for deoxyribonucleic acids (6, 14) and as capable of breaking catalase into subunits (27) . It may also eliminate secondary binding forces during the ion exchange chromatography of polynucleotides on diethylaminoethyl (DEAE) cellulose (32) . This reagent, like other amides, is supposed to exert its effect on complex proteins by modifying the structure of the solvent (water); thus, the interactions between the solvent and the macromolecule are altered, resulting in structural changes in the latter (24, 30 ay-globulin (7, 28 purified virions and HA were treated with formamide (stabilized; Fisher Scientific Co., Fair Lawn, N.J.) by mixing two volumes of the viral preparation with one volume of the reagent and incubating the mixture at 37 C for 1 hr. To follow the kinetics of inactivation of HA (IHA) at different formamide levels, appropriate volumes of the viral preparation and of the reagent were mixed and incubated at a chosen temperature. At time intervals, 0. l-ml samples were withdrawn into 0.9 ml of PBS and were titrated for residual HA (IHA). For similar experiments with the CF antigens, crude viral preparations from which the bulk of virions and HA had been removed by centrifugation were used. Formamide was removed from the sample (2 ml) by gel filtration on Sephadex G-25. The fractions with the highest protein content were titrated for CF antigen with homotypic antisera.
To follow the effect of treatment with formamide on the infectivity of the viruses, crude infectious tissue culture fluids were used. Portions (0.25 ml) of the fluid were mixed with 0.01 to 0.12 ml of formamide (in increments of 0.01 ml), and the mixtures were incubated for 1 hr at 37 C. Formamide was removed from the samples by dialysis (at 4 C) against PBS.
RESULTS
Preliminary survey of the effect oJ Jbrmamide on the virions and the "soluble" components of adenovirus types 4 and 7. To determine whether formamide might be a suitable reagent for disrupting the adenovirus capsid, the effect of different dosage levels on the biological activities of virions and "soluble" viral components was investigated. In preliminary experiments with adenovirus type 7, treatment with formamide (1 hr at 37 C) at a 7.4%S, (v/v) concentration resulted in a one log loss of infectivity. Treatment at higher levels (10.7 and 13.8%) resulted in three and five log decreases of infectious titer, respectively. The type 4 virions appeared to be more resistant to the action of formamide; treatment with 19.3 % formamide resulted in only a three-log reduction of infectious titer. In numerous other experiments with both virus types and with levels of formamide reaching 33 %, infectivity either was lost completely or was reduced to very low levels (about 102 TcID5o/ml from an initial titer of about 109 TCID50/ml).
The results of inactivation studies on the HA of both adenovirus types at different concentrations of formamide are presented in Fig. 1 and 2 (Fig. 4 and 5) . Instead, increased levels of CF antigen (and precipitating antigen) were found in the top fractions from the density gradients with treated virions, indicating a degradation of the latter. The occurrence of low levels of CF antigen (and precipitating antigen) in the top fractions from the untreated virus material may be ascribed to a partial damage of the virions in the course of the experimental procedures.
When the formamide-treated purified virus was submitted to rate zonal centrifugation at higher speeds (300,000 X g for 2 hr), the CF antigen (and precipitating antigen) was recovered in a single peak from the gradient. This peak was at a position similar to the CF antigen peak obtained after (similar) gradient centrifugation of crude tissue culture material from which the virions and hemagglutinins had been removed. The position of this CF peak was the same in such culture supernatant fluids whether they had or had not been treated with formamide ( Fig. 6 and  7) . The position of the CF antigen peaks in all of these gradients corresponded to a sedimentation coefficient of about 12S, in reasonable agreement with the value suggested for the hexon antigen of several adenovirus types (4, 10, 19, 34 diluent used for titration (Fig. 9) . Taking into consideration that IHA of type 7 may be like IHA (pentons) of type 3, which are detectable only in the presence of heterotypic antibodies (20) , the data presented in Fig. 9 (17) , and the other, slower sedimenting peak represented IHA (Fig. 10) 8 . Distribution of protein (black colhmns) acnd CF antigent (coluimns wit/h diagonial linies) after rate zonal centrifiugationz (300,000 X g for 4 hr) of bovine y-globulin (top) and of adeniovirus types 4 (middle) and 7 (bottom) tissute cultutre materials in slcrose grcadienzts (10 to 25(% sutcrose in 33% formamile). Formainide treatment as in Fig. 4 . Distributionz of CF antigeni throlughlouit the gradienzts was the same whether titrated with homnotypic or heterotypic antisera.
could be distinguished (Fig. 11) in a way analogous to the chromatography of the "soluble" components of adenovirus type 3 on DEAESephadex (20) . Thus, the occurrence of IHA of adenovirus type 7 in crude tissue culture material could be established.
To demonstrate that the complete HA of adenovirus type 7 was degraded into smaller fragments having IHA activity, the original and the formamide-treated tissue culture fluids were submitted to rate zonal centrifugation (2 hr at 145,000 X g) and the fractions were titrated in duplicate for HA in the presence of heterotypic VOL. 2, 1968 on October 26, 2017 by guest http://jvi.asm.org/ Downloaded from antibodies. The tissue culture fluids used in this experiment had been treated for 1 hr at 37 C with formamide at concentrations of 7.7 and 9.1 %. Because of spontaneous breakdown, the use of purified HA offered no advantage. The ratio of the HA titer for each fraction before and after treatment was calculated and plotted (Fig. 12) (Fig. 13) .
When a higher concentration of formamide (33') was used to treat the purified HA (30 min 13 at 37 C), no IHA of adenovirus type 7 could be recovered (see Fig. 1 ). When HA treated in this way were submitted to rate zonal centrifugation (300,000 X g for 3 hr), fiber antigen and penton bases could be detected in some of the fractions (Fig. 14) by use of appropriate serological techniques (21) Complete HA of adenovirus types 4 and 7 are degraded by formamide, the extent of degradation depending on the concentration of the reagent and the time of treatment. The experimental results suggest that, in formamide solutions, the bonds between the individual pentons within the complete HA (4, 19, 20, 22, 33) are more labile than are the bonds between the penton bases and fibers. A similar breakdown of the penton antigen of adenovirus type 3 into the corresponding two components has also been achieved by treatment with 1.6 to 2.0 M solutions of guanidine hydrochloride (22) .
The described sedimentation behavior of the fiber antigens is in reasonable agreement with the value of 5.5S found for the fiber antigen of adenovirus type 2 by analytical ultracentrifugation (10) . Methods other than rate zonal centrifugation would probably be more suitable for detecting possible differences in the size of the fiber antigens of the different adenovirus types (21) .
The rate of HA inactivation by formamide increases with increasing pH values of the medium and with increasing ionic strength (unpublished data). The latter observation, together with the fact that the presence of formamide leads to an increase of the dielectric constant of the solvent (12) , suggests that formamide affects salt links and hydrogen bonds rather than hydrophobic bonds within the HA (3).
In the process of degradation of TMV by urea, alkali, or sodium dodecyl sulfate, protein subunits are stripped from one end of the virus rod (3, 16) . It would be of interest to determine whether the degradation by formamide of adenoviruses, i.e., virions with icosahedral symmetry, proceeds randomly or whether it is initiated at "weak points' of the viral capsid. Electron microscopic observations (in preparation) indicate that the latter is true. Studies on the kinetics of HA inactivation and electron microscopic studies on the breakdown of virions by solutions containing different amounts of formamide show that the degradation is not immediate and that it consists of an ordered sequence of events.
The rate of HA inactivation is strongly temperature-dependent; although no difference in the inactivation at 0 and at 22 C could be detected, an increase to 37 C enhanced the rate of inactivation considerably (unpublished data), indicating that an activation energy threshold must be reached to initiate the degradation induced by formamide.
Recent studies (11, 23, 25, 26) suggest the existence of an internal adenovirus protein associated with the viral deoxyribonucleic acid. The fate of these two viral components during the degradation induced by formamide and the physical nature of the occasionally observed residual infectivity will be the subject of a separate report.
